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Abstract 
A Prussian blue (PB)-embedded coordination polymer (COP) was prepared by 
simple incorporation of PB into a COP composed of 1,1,2,2-tetrakis(4-
carboxyphenyl)ethane and the Zn ion during the synthesis of COP. The PB-COP was 
prepared as micro-sized particles with green emission (490 nm) from the strongly 
fluorescent tetraphenylethene group in the solid state through aggregation-induced 
emission. The PB-COP showed particle shape with sizes ranging from 1 to 6 µm. As 
the PB in PB-COP efficiently adsorbed Cs ions, the microstructure of PB-COP was 
degraded to smaller particles, along with a concomitant decrease in the green 
fluorescence of the PB-COP. Such a decrease in the green emission of PB-COP was 
used as a signal for the presence of Cs ions, in which the limit of detection for Cs 
ions was found to be 73.8 ppb. The hybridized material of the PB-COP can be used as 
both an efficient adsorbent and a sensor for Cs ions, achieving simultaneous removal 
and detection. 
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1. Introduction 
Metal-organic frameworks (MOFs) and coordination polymers (COPs) are new 
types of functional materials that attract much research interest [1-3]. COPs have a 
connection between organic linkers and inorganic nodes; therefore, they present 
peculiar supramolecular properties [4,5]. Among their intriguing properties and 
resulting versatile applications, their unique flexibility renders them ideal candidates 
for stimuli-responsive materials [6]. Moreover, various functional materials such as 
polymers [7], carbon nanotubes [8], metal nanoparticles [9], and biomolecules have 
been integrated to obtain hybrid materials in which COPs and MOFs have been used 
as platforms. Because of their synergistic properties, the hybrid or composite 
materials demonstrate a more effective performance than the corresponding MOFs 
or COPs alone. COPs and functional species can be combined by using the 
interaction between them, which will be an efficient methodology for a robust 
support material. This will prevent possible leaks of small colloidal species such as 
Prussian blue (PB) [10]. 
PB is composed of Fe ion nodes linked with a cyanide-based framework that 
shows absorption of red and near-infrared lights, providing a characteristic blue 
color induced by the charge transfer between the metal cations. PB has been also 
prepared by using various metal cations including Co (II) and Zn (II), instead of Fe 
(III) [11-13], and exhibited a wide variety of potential applications such as 
photothermal therapy and ultrasound imaging [14]. Moreover, PB, composed of 
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ferric hexacyanoferrate, is known for its powerful ability to adsorb Cs ions [15-17]. 
However, PB is finely dispersible in aqueous phase; therefore it should be combined 
with supporting materials, such as sodium alginate [18,19], or fibrous [20], 
carbonaceous [21], magnetic materials [22,23], and silica [24,25], to form a composite 
material suitable for practical use. In relation to the accidents at nuclear power plants 
in Japan and Russia, large amounts of radioactive 137Cs, which is a product of nuclear 
fission, were released. Because of the danger of possible radiation leakage and 
exposure to harmful gamma rays from 137Cs, the removal of this radioisotope by PB 
has attracted much attention [26]. 
For PB to act as an efficient Cs-ion adsorbent, it should be hybridized with 
support materials such as the aforementioned COP. Such a COP would be promising 
if it is fluorescent and could detect the presence of Cs ions via alteration of its 
fluorescence signal. This would result in the simultaneous detection and removal of 
Cs ions. Meanwhile, materials with such dual functions are very rare. The 
fluorescence of most conventional fluorescent molecules tends to decrease in their 
solid state compared to their solutions because of the aggregation-caused quenching 
effect. By contrast, organic fluorophores that are nonfluorescent in solution, but are 
highly emissive in their solid state, have been reported to exhibit the aggregation-
induced emission (AIE) effect [27,28]. It can be expected that the introduction of the 
AIE function to the rigid COP matrix can provide more efficient fluorescent-sensing 
properties. Among the AIE fluorophores, 1,1,2,2-tetrakis(4-carboxy)ethene (TPE) and 
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its analogues can be used as building blocks to synthesize a COP, in which the 
enhanced emission TPE [29] is used for chemical sensors [30], white light-emitting 
diodes [31], and mechanochromic fluorophores [7]. Similarly, TPE derivatives have 
been used as a building block for MOF, via the functionalization of TPE with 
coordination groups, including pyridine and carboxylic acid groups [30,32-35]. The 
TPE-based MOFs can be used as effective sensors for volatile organic compounds 
and nitro-based explosives [36-38], based on the mechanism of photo-induced 
energy transfer (PET) between TPE and targets [39-41]. 
We designed the hybridization of the Cs-adsorbing PB and fluorescent COP for 
both fluorescent sensing and removal of Cs ions. We used TPE as a fluorescent 
component for the synthesis of COP via the polymerization of Zn ions and TPE-
containing tetracarboxylic acid. The hybridization of PB and COP (PB-COP) was 
carried out simply by the polymerization of COP in the presence of PB. Upon 
exposure of the PB-COP to Cs ions, the structure of the micro-sized PB-COP 
collapsed because of Cs adsorption on PB. Simultaneously, the green emission of PB-
COP became quenched because of the release of the TPE from the COP into the 
medium used, resulting in PET. We demonstrated the performance of PB-COP in 
fluorescent detection and removal of Cs ions by changes in both fluorescence and 
shape. 
 
2. Experimental 
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2.1. Materials and instrumentation 
All chemicals were purchased from Sigma-Aldrich (USA) and the solvents were 
purchased from Samchun Chemicals (Korea). All the reagents were used without 
further purification unless otherwise noted. PB was prepared according to the 
method described previously in the literature [11]. Tetraphenylethylene (1), 1,1,2,2-
tetrakis(4-bromophenyl)ethene (2), 1,1,2,2-tetrakis(4-cyanophenyl)-ethene (3), and 
1,1,2,2-tetrakis(4-carboxyphenyl)ethene (4) were synthesized according to previous 
methods [29,42]. 1H NMR spectra were obtained using a Bruker DRX-300 
spectrometer (Korea Basic Science Institute). FT-IR spectra were recorded on a 
Tensor 27 FT-IR spectrometer (Bruker). UV-vis absorption spectra were recorded on 
a PerkinElmer Lambda 35 spectrometer. Photoluminescence spectra were taken 
using a Varian Cary Eclipse spectrophotometer equipped with a Xe-lamp excitation 
source. Zeta-potentials and size of particles were measured using dynamic light 
scattering (DLS; Zetasizer Nano ZS; Malvern). Scanning electron microscopic (SEM) 
images were obtained with a Hitachi S-4800 instrument. Transmission electron 
microscopic (TEM) images and energy-dispersive X-ray spectroscopy (EDS) data 
were taken using a JEM-3011, JEOL TEM instrument. The concentration of Cs ions in 
aqueous solution was determined by an inductively coupled plasma atomic 
emission spectrometer (ICP-AES, OPTIMA 7300 DV). 
 
2.2. Synthesis of the COP 
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4 (0.03 g, 0.06 mmol) was dissolved in ethanol (3 mL) and zinc nitrate (0.15 g, 0.57 
mmol) was dissolved in separate ethanol (3 mL). The ethanol solutions of 4 (0.5 mL) 
and zinc nitrate (0.5 mL) were mixed with ethanol (5 mL). The mixture was heated to 
80 °C for 24 h. After cooling to room temperature, the mixture was isolated by 
centrifugation at 12000 rpm for 15 min and washed with ethanol for three times. FT-
IR (KBr pellet, cm-1): 3398 (O-H), 1600 (C=O), 1541-1408 (C=C). EA Found. C, 39.4%; 
H, 2.0%; N, 5.9%. 
 
2.3. Synthesis of PB- COP 
4 (0.03 g, 0.06 mmol) was dissolved in ethanol (3 mL) and zinc nitrate (0.15 g, 0.57 
mmol) was separately dissolved in ethanol (3 mL). The ethanol solution of PB (1 mL, 
0.03 mg/mL) was added to N,N-dimethylformamide (DMF; 14 mL) under sonication. 
The ethanol solution of 4 (0.5 mL) and the zinc solution (0.5 mL) were added to the 
mixture. The mixture was heated to 80 °C for 24 h. After cooling to room 
temperature, the mixture was isolated by centrifugation at 12000 rpm for 15 min and 
washed with ethanol three times. FT-IR (KBr pellet, cm-1): 3411-3388 (O-H), 2092 
(C≡N), 1658 (C=O), 1602 (C=O), 1541-1408 (C=C). EA Found. C, 42.9%; H, 3.1%; N, 
11.7%. 
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2.4. Detection of Cs ions using PB-COP 
PB-COP was suspended in ethanol (0.025 mg/mL) and exposed to Cs ions. The 
changes in the fluorescence of PB-COP were investigated. The changes in the shape 
of PB-COP before and after exposure to Cs ions were investigated using SEM and 
TEM. 
 
2.5. Adsorption of Cs ions 
The Cs-ion adsorption behavior of PB and PB-COP was investigated at ambient 
temperature. Upon exposure of the PB (0.3 mg/mL) and PB-COP (0.25 mg/mL) to Cs 
ions (50 ppm), the adsorption behavior was monitored up to 48 h. After separating 
the adsorbents from their solutions by centrifugation, the concentration of adsorbed 
Cs ions was determined by ICP-AES. The adsorption capacity (qt) was determined 
using the following equation: 
 =
	×	

 (1) 
Where C0 and Ct are the initial Cs concentration and the Cs concentration after 
adsorption time (t), respectively, V is the solution volume (3 mL), and M is the 
weight of the adsorbent used. 
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3. Results and discussion 
3.1. Synthesis and characterization of COP 
TPE with the tetracarboxylic acid groups (4) was synthesized from 3 and the 
synthetic route to 4 is illustrated in Scheme 1. 1, 2, 3, and 4 were synthesized 
according to previous literature and the chemical structures were confirmed by 1H 
NMR. The TPE-based compounds were soluble in chloroform and tetrahydrofuran 
(THF) and exhibited strong emissions in the solid state because of AIE. The UV-vis 
spectra of 1, 2, and 4 solid films with good quality showed absorptions at 322, 330, 
and 345 nm, respectively (Fig. S1a). Strong fluorescence emissions were observed at 
450, 480, and 500 nm for compounds 1, 2, and 4, respectively (Fig. S1b). Photographs 
of the spin-cast films of 1, 2, and 4 under ambient and UV light (365 nm) showed that 
the blue emission of 1 shifted gradually to green (4) via greenish blue (2), depending 
on the substituents attached on TPE, presumably because of the difference in the 
electron-withdrawing effect. 
The coordination polymer COP was prepared via reaction between the 
carboxylic acid groups of 4 and Zn ions in ethanol (Scheme 1). COP showed uniform 
and stable dispersion in ethanol for one month. The FT-IR spectrum of COP showed 
the characteristic bands of C=O, C=C, and O-H bands, indicating that the COP was 
resulted from 4 (Fig. S2). The excitation and fluorescence spectra of COP were 
investigated, exhibiting a green emission band around 490 nm with an excitation 
wavelength of 345 nm (Fig. 1a). Although the emission of COP was slightly blue-
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shifted compared with that of 4, the green fluorescence from TPE via AIE was still 
maintained as shown in the photographs of the COP dispersion under UV light 
(inset of Fig. 1a). The SEM image indicates that the COP had a particulate-shape with 
an average size of 60 nm (Fig. 1b). 
 
3.2. Synthesis and optical properties of PB 
The absorption spectrum of PB presents a broad absorption at 700 nm, exhibiting 
blue color (Fig. S3a). The particle size of PB was determined to be about 50 nm, as 
determined by SEM (Fig. S3b). Upon exposure of the PB to Cs ion (50 ppm), the 
absorption of PB decreased with increasing exposure time (Fig. 2a), indicating that 
the charge transfer between Fe (III) and Fe (II) ions on PB, which the blue color of PB, 
has changed in the presence of Cs ions. As the concentration of Cs ions increased 
from 6.25 to 50 ppm, the absorption of PB gradually decreased with a slight blue-
shift to 673 nm (Fig. 2b). The absorption remained unchanged when the 
concentration of Cs ions was above 20 ppm (Fig. 2c). The change in the PB shape was 
confirmed in an SEM image, in which the decrease in the UV-vis absorption might 
result from the aggregation following the partial destruction of the PB structure after 
adsorption of Cs ions (Fig. 2d). Although the adsorption mechanism of Cs ions by PB 
has not been elucidated yet, an ion-exchange mechanism is generally accepted, in a 
way that Cs ions with a smaller radius (1.19 Å) fitted in the PB lattice space instead 
of K (1.25 Å) or Na ions (1.84 Å), leading to the replacement of a K ion by a Cs ion 
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[21,43,44]. Thus, the crystal structure of PB was altered by the ion-exchange with Cs 
ions, resulting in changes in both the UV-vis absorption and the shape of PB. The 
amount of Cs ions adsorbed by PB was determined with ICP (Table 1). After 
exposure of 48 h to Cs ions (50 ppm), more than 60% of Cs ion was removed by the 
PB. 
 
3.3. Synthesis and optical properties of PB-COP 
PB-COP (COP hybridized with PB) was obtained when the COP was prepared in the 
presence of PB (Scheme 2). The PB was successfully incorporated to COP, in which 
the characteristic band of nitrile group was shown in FT-IR spectrum (Fig. S2). 
Because Fe ions in PB can bind to the carboxylic acid group of 4, this, in turn, might 
help PB-embedding inside the COP. PB-COPs were particle-shaped with a size 
ranging from 1 to 6 µm and exhibited stable dispersion in ethanol. For the 
preparation of an optimal adsorbent for Cs ions, various amounts of COP and PB 
were used and their particle size is illustrated (Table S1). A spherical shape with 
rough surface was observed for PB-COPs, regardless of their different compositions 
(Table 2). The excitation and fluorescence spectra of PB-COP1 exhibited maximum 
excitation at 345 nm and emission at 490 nm, respectively (Fig. 3a). The EDS images 
indicate that Fe atoms from PB were located in the same region in which the Zn 
atoms were present in COP (Fig. S4a). Because of the efficient embedding of PB to 
obtain fluorescent PB-COP1, this combination was used to detect Cs ions. 
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3.4. Detection of Cs ions 
To elucidate the change in PB-COP1 fluorescence upon exposure to Cs ions, an 
aqueous solution of cesium chloride (50 ppm) was added to PB-COP1 (0.025 mg/mL 
in ethanol) and the changes in PB-COP1 fluorescence were recorded after 48 h. The 
fluorescence of PB-COP1 decreased with increasing concentration of Cs ions (Fig. 3). 
The fluorescence of PB-COP1 decreased with increasing concentration of Cs ions in a 
linear relationship, in which the fluorescence quenching of PB-COP1 was also 
observed by the naked-eye. The quenching efficiency (F0/F) in the presence of Cs ions 
was quantified using the Stern-Volmer equation: 
F0/F = 1 + Ksv[Q]    (2) 
where F0 and F are the fluorescence intensity at 490 nm before and after exposure to 
Cs ions, respectively, Ksv is a Stern-Volmer quenching constant, and [Q] is the 
concentration of the quencher. The limit of detection was calculated to be 73.8 ppb, 
based on the 3σ/slope, where σ is the standard deviation of four independent 
measurements. The adsorption of Cs ions by the insoluble PB resulted mainly from 
the ion-exchange between Cs ions and/or the monovalent cations (K ions) in the PB 
lattice, because the hydrated Cs ions fit the cage size of PB lattice [19,26]. The PB 
adsorbed Cs ions and K ions in the PB lattice was replaced by the Cs ions via ion 
exchange, leading to deformation of the PB structure because of size difference, and 
finally to disruption of the PB-COP. During such an event, the fluorescence of PB-
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COP was quenched via PET. 
Along with the fluorescence changes upon exposure to Cs ions, the spherically-
shaped PB-COP1 particles were considerably deformed; the micro-sized PB-COP1 
particles became degraded into smaller nanoparticles with an average size of 50 nm 
and, finally aggregated. The structural disruption of PB-COP1 and aggregation were 
confirmed by SEM (Fig. 4) and EDS mapping (Fig. S3b). According to the EDS 
images, after Cs exposure to PB-COP1, Zn atoms were more distributed outside the 
framework compared with the distribution of Fe atoms, indicative of an easier 
destruction of the COP structure than that of PB by the adsorption of Cs ions. After 
exposure of PB-COP1 to Cs ions, the K ions in the PB structure were replaced by the 
former, leading to weakening of the interaction between PB and COP. The resulting 
destruction of the PB-COP structure facilitated the separation of COP from PB-COP 
(Scheme 2). The separated and degraded COP became less fluorescent because the 
TPE units became miscible in the medium (ethanol). This resulted in the fact that the 
AIE could not work anymore and PET-induced quenching occurred. 
 
3.5. Adsorption of Cs ions 
To verify the adsorption efficiency of PB-COP1 toward Cs ions, 50 ppm Cs ions were 
exposed to PB-COP1 dispersion and the amount of Cs ions adsorbed was 
determined with ICP. After 48 h exposure, the dispersion was subjected to 
centrifugation at 12000 rpm to separate PB-COP1 from the solution, and the amount 
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of Cs ions remaining in the supernatant was observed by ICP (Table 1). 30.7 ppm of 
Cs ions remained in the solution and 19.3 ppm was adsorbed by PB-COP1. 61% of Cs 
ions were captured by the hybrid adsorbent PB-COP1. It seems slightly low, 
compared with the 67% Cs ions removed by PB. However, considering the amount 
of PB embedded in PB-COP1, the hybrid adsorbent was more efficient than simple 
PB, presumably due to uniform distribution in COP. A relatively lower PB content is 
needed in the hybrid material, which renders this approach more promising in the 
preparation of a PB-based adsorbent. According to the adsorption capacity (qt) of PB-
COP1 and PB for Cs ions, adsorption equilibrium was attained in less than 10 h in 
both cases (Fig. 5). Regarding the adsorption kinetics, chemisorption was preferred 
because the curve fitting was more suitable for the pseudo second-order kinetic 
model (Fig S5). This indicates that the PB within the PB-COP1 acts as an efficient 
adsorbent for Cs ions even at the lower amount. Based on these results, PB-COP 
could detect Cs ions via fluorescence change and also capture them, exhibiting a 
versatile use of the hybrid material. 
 
4. Conclusion 
A hybrid material of a fluorescent TPE-based COP and Cs-adsorbing PB was 
prepared in the presence of Zn nodes. The micro-sized spherical PB-COPs (1 to 6 µm) 
exhibited green emission (490 nm) because of the presence of TPE units in the COP. 
Upon exposure of the PB-COP to Cs ions, the Cs ions were efficiently adsorbed by 
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the PB-COP (67% removal from 50 ppm Cs ions). Simultaneously, the micro-sized 
particles of PB-COP were destroyed to form smaller particles with a hollow structure, 
and subsequently, the fluorescence of PB-COP decreased because the COP building 
block was destroyed to liberate TPE into the medium, inducing PET. The limit of 
detection for Cs ions were found to be 73.8 ppb. Thus, PB-COP could detect Cs ions, 
as indicated by changes in the fluorescence. In addition, Cs ions could be removed 
through the specific adsorption. 
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Figure Captions and Table Legends 
Scheme 1. Synthesis of COP. 
Scheme 2. Synthesis of PB-COP (upper) and degradation of PB-COP in the presence 
of Cs ions (bottom). 
Table 1. Adsorption of Cs Ions by PB and PB-COP1 
Table 2. SEM images of PB-COPs. 
Fig. 1. (a) Fluorescence (○) and excitation (■) spectra of COP in ethanol (0.02 mg/mL). 
Excitation wavelength: 345 nm; Emission wavelength: 490 nm. Inset photographs: 
COP in ethanol under visible and UV lights. (b) SEM image of COP. 
Fig. 2. (a, b) Changes in absorption spectra of aqueous solution of PB (0.03 mg/mL) 
upon exposure to Cs ion. (c) Relative absorption ratio (Ax/Ai) of PB after exposure to 
various concentrations of Cs ion for 48 h. Ai and Ax correspond to the absorbance at 
696 nm before and after exposure to Cs ion, respectively. (d) SEM images of PB after 
exposure to Cs ion. White circle represents noticeable aggregation of COP fragments. 
[Cs+] = 50 ppm for (a). Exposure time 48 h for (b). 
Fig. 3. (a) Changes in fluorescence (vacant) and excitation (filled) spectra of PB-COP1 
(■, □: 0.025 mg/mL in ethanol) upon exposure to Cs ion (●, ○: 1; ▲, △: 5; ▼, ▽: 10; 
◆, ◇: 20; ▶, ▷: 30; ◀, ◁: 40; ★, ☆: 50 ppm, 48 h). Excitation wavelength: 345 
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nm; Emission wavelength: 490 nm; F0 and F are fluorescence intensities of PB-COP1 
in the absence and presence of Cs ion at 490 nm. (b) Stern-Volmer plot of 
fluorescence quenching of PB-COP1 in the presence of Cs ion. (c) Photographs of PB-
COP1 dispersions under ambient and UV lights (365 nm) in the absence and 
presence of Cs ion (50 ppm). 
Fig. 4. SEM images of PB-COP1 (a) before and (b) after addition of Cs ion (50 ppm, 
48 h). 
Fig. 5. Effect of exposure time on the adsorption of Cs ion with (a) PB and (b) PB-
COP1.  
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Scheme 1. Synthesis of COP. 
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Scheme 2. Synthesis of PB-COP (upper) and degradation of PB-COP in the presence 
of Cs ions (bottom). 
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Fig. 1. (a) Fluorescence (○) and excitation (■) spectra of COP in ethanol (0.02 
mg/mL). Excitation wavelength: 345 nm; Emission wavelength: 490 nm. Inset 
photographs: COP in ethanol under visible and UV lights. (b) SEM image of COP. 
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Fig. 2. (a, b) Changes in absorption spectra of aqueous solution of PB (0.03 mg/mL) 
upon exposure to Cs ion. (c) Relative absorption ratio (Ax/Ai) of PB after exposure to 
various concentrations of Cs ion for 48 h. Ai and Ax correspond to the absorbance at 
696 nm before and after exposure to Cs ion, respectively. (d) SEM images of PB after 
exposure to Cs ion. White circle represents noticeable aggregation of COP fragments. 
[Cs+] = 50 ppm for (a). Exposure time 48 h for (b). 
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Fig. 3. (a) Changes in fluorescence (vacant) and excitation (filled) spectra of PB-COP1 
(■, □: 0.025 mg/mL in ethanol) upon exposure to Cs ion (●, ○: 1; ▲, △: 5; ▼, ▽: 10; 
◆, ◇: 20; ▶, ▷: 30; ◀, ◁: 40; ★, ☆: 50 ppm, 48 h). Excitation wavelength: 345 nm; 
Emission wavelength: 490 nm; F0 and F are fluorescence intensities of PB-COP1 in 
the absence and presence of Cs ion at 490 nm. (b) Stern-Volmer plot of fluorescence 
quenching of PB-COP1 in the presence of Cs ion. (c) Photographs of PB-COP1 
dispersions under ambient and UV lights (365 nm) in the absence and presence of Cs 
ion (50 ppm). 
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Fig. 4. SEM images of PB-COP1 (a) before and (b) after addition of Cs ion (50 ppm, 
48 h). 
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Fig. 5. Effect of exposure time on the adsorption of Cs ion with (a) PB and (b) PB-
COP1. 
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Table 1 Adsorption of Cs Ions by PB and PB-COP1 
 
a [PB] = 0.03 mg/mL 
b [PB-COP1] = 0.025 mg/mL 
   
 
Initial 
[Cs+] 
(ppm) 
[Cs+] in 
PB 
(ppm) 
[Cs+] remained in 
the solution 
(ppm) 
Adsorption (%) 
PBa 50 33.4  16.6 67 
PB-COP1b 50 30.7 19.3 61 
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Table 2. SEM images of PB-COPs. 
PB-COP1 
    
PB-COP2 
    
PB-COP3 
    
PB-COP4 
    
PB-COP5 
    
★ Scale bars in PB-COP1, PB-COP2 and PB-COP3 were of 5 μm. Scale bars 
in PB-COP1, PB-COP2 and PB-COP3 were of 10 μm. 
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Highlights 
- A hybrid material was prepared with coordination polymer (COP) and Prussian 
blue (PB). 
- COP was prepared by ionic interaction between COOH of organic molecules and 
Zn ions. 
- The hybrid materials could remove efficiently Cs ions via adsorption on PB. 
- The fluorescence of COP in hybrid materials also decreased upon exposure to Cs 
ions. 
